The high temperature solid electrolyte Li3Sc0.3Ce1.7(PO4)3 compound was synthesized by a solid state reaction and studied by X-ray diffraction and IR spectroscopy. At room temperature the investigated compound has monazite-type structure and belong to monoclinic symmetry (space group P 21/n) with four formula units in the lattice. The ceramic samples were sintered at 1273 K varrying the sintering duration. Complex impedance spectroscopy was performed in the frequency range from 10 6 to 1.2·10
Introduction
Lithium ion solid electrolytes can be used for development of high energy batteries [1, 2] and sensitive CO 2 gas sensors [3, 4] . The compounds of LiGe 2 (PO 4 ) 3 , LiTi 2 (PO 4 ) 3 with NASICON-type crystal structure are known as low temperature solid electrolytes with fast Li + ion transport [5] [6] [7] [8] [9] . The conductivity of the above-mentioned compounds was improved by several orders of magnitude by partial substitution of Ge 4+ and Ti 4+ with Fe 3+ , Sc 3+ , Al 3+ , Y 3+ , B 3+ , In 3+ , Ga 3+ , Cr 3+ cations [10] [11] [12] [13] [14] [15] [16] [17] . It was shown that conductivity of Li 3 Sc 2 (PO 4 ) 3 was increased by partial isomorphous substitution of triple valence Sc 3+ by B 3+ [18] .
Li 3 Ce 2 (PO 4 ) 3 was also proved to be a Li + ion conductor, however, its conductivity at 600 K is only 2.4·10 −4 S·m −1 [19] . The XPS indicate that cerium exists as Ce(III) with no Ce(IV) in investigated crystals [19] . Authors of [20] reported the results of partial substitution of Ce 3+ by Sc 3+ , but there was a great deficiency of lithium (indicated as in the paper) in the obtained Li possibly caused the formation of PO − 3 groups in the material, lowering the sintering temperature of the ceramics, and the conductivity increase was not significant.
In this work a new compoud Li 3 Sc 0.3 Ce 1.7 (PO 4 ) 3 was syntesized and studied by XRD, IR, and complex impedance spectroscopy.
Experimental
The powder of Li 3 Sc 0.3 Ce 1.7 (PO 4 ) 3 was synthesized from a mixture of CeO 2 , Li 2 CO 3 (of 99.999% purity), Sc 2 O 3 (99.99%), and NH 4 H 2 PO 4 (extra pure) by solid state reaction. The mixture was milled as emulsion with ethyl alcohol in a planetary mill with one milling ball of 52 mm in diameter and then heated at 773 K for 3 h. Thereafter the mixture was milled, heated at 1173 K for 1 h, then milled and heated at 1173 K for 3 h again. Finally the mixture was milled for 8 h and dried at temperature 393 K for 24 h.
The structure parameters were obtained at room temperature from the X-ray powder diffraction patterns. The measurement was recorded with a step of 1 degree/min in the region of 2Θ = 6-80 degrees using Cu K α 1 radiation. The material was examined at the 
chemical bonding level by infrared (IR) spectroscopy (SPECORD).
The powder was uniaxially cold pressed at 300 MPa. The sintering of the ceramics was conducted in air at temperature 1273 K for l h and 5 h.
Complex conductivityσ = σ + iσ , complex impedanceZ = Z + iZ , and complex dielectric permittivityε = ε − iε were measured on cooling the sample from 600 down to 300 K in the frequency range from 10 6 to 1.2·10 9 Hz by coaxial impedance spectrometer set-up [15] . Pt paste was used to form electrodes on the ceramic samples. The measurements were carried out in air.
Results and discussion
IR spectrum of Li 3 Sc 0.3 Ce 1.7 (PO 4 ) 3 is identical to CePO 4 spectrum [21] and is typical of orthophosphate compounds (Fig. 1) . It shows very strong absorption bands belonging to ν 3 P O (550-620 cm −1 ) vibrations. The absorbtion bands which could be assigned to P O − 3 groups were not found.
The results of the X-ray diffraction study have shown that Li 3 Sc 0.3 Ce 1.7 (PO 4 ) 3 powder is a single phase material. The compound has typical monazitetype structure of CePO 4 and belong to the monoclinic symmetry (space group P 2 1 /n) with four formula units in the lattice. The lattice parameters were found to be a = 6.799(1) Å, b = 7.023(1) Å, c = 6.489(1) Å, β = 103.465 (14) • , and the unit cell volume is V = 300.38 Å 3 . The values of lattice parameters and the volume of the unit cell are bigger compared to Li 3 Ce 2 (PO 4 ) 3 material [19] . The theoretical density of the compound is d X-ray = 4.11 g/cm 3 . The densities of the ceramic samples reach about 90% of the theoretical density.
The characteristic frequency dependences of the real part ofσ of Li 3 Sc 0.3 Ce 1.7 (PO 4 ) 3 ceramics sintered for 5 h and measured at different temperatures are shown in Fig. 2 . A dispersion region was found in σ spectra. The shift of the dispersion region towards higher frequencies with the increase of temperature is a typical peculiarity of relaxation process and this dispersion was attributed to the fast Li + ion motion in the investigated material. The temperature dependences of ionic conductivities (σ) of Li 3 Sc 0.3 Ce 1.7 (PO 4 ) 3 ceramics were derived from complex plots of Z (Z ) at different temperatures as shown in Fig. 3 . The temperature dependences of σ are shown in Fig. 4 . The changes of σ with temperature have been described according to the Arrhenius law:
where σ 0 is preexponential factor, ∆E is activation energy of ionic conductivity, k is Boltzmann's constant, T is temperature. Table 1 . Summary of electrical properties of Li3Sc0.3Ce1.7(PO4)3 and Li3Ce2(PO4)3 [19] ceramics sintered for different times (ts). 
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Li 3 Ce 2 (PO 4 ) 3 [19] ceramics is presented in Table 1 .
The enhancement of conductivity of the investigated ceramics can be related to the expansion of the unit cell because of the partial substitution of Ce 3+ cations by Sc 3+ . We observe a slight increase of ionic conductivity of the ceramics sintered for a longer time, and this fact can be related to grain growth at the sintering temperature.
The temperature dependences of the real part of dielectric permittivity (ε ) and dielectric losses (tan δ = ε /ε ) were investigated at the frequency of 1 GHz. This frequency is higher than Maxwell relaxation frequency f M = σ/(ε ε 0 ) (where ε 0 = 8.85·10 −12 F/m is dielectric constant of the vacuum). At 600 K temperature f M of the ceramics sintered for 5 h was found to be 100.1 MHz. The temperature dependences of ε and tan δ of Li 3 Sc 0.3 Ce 1.7 (PO 4 ) 3 ceramics are shown in Fig. 5 . The increase of the values of ε with temperature of the investigated compound can be caused by contribution of the migration polarization of lithium ions, vibration of lattice, and electronic polarization. The increase of tan δ with temperature is related to the contribution of conductivity in the investigated temperature region.
Conclusions
The solid electrolyte Li 3 Sc 0.3 Ce 1.7 (PO 4 ) 3 compound has monazite-type structure and belongs to monoclinic symmetry (space group P 2 1 /n) with 4 formula units in the lattice. The obtained compound is a single phase material where phosphorus exists completely in the radical group PO 3− 4 . The relaxation-type dispersion was found in the conductivity spectra and it was related to the lithium ion transport in the obtained ceramics. The conductivity of Li 3 Sc 0.3 Ce 1.7 (PO 4 ) 3 has higher values in the investigated temperature range compared to the host compound of Li 3 Ce 2 (PO 4 ) 3 . At 600 K the value of ionic conductivity of Li 3 Sc 0.3 Ce 1.7 (PO 4 ) 3 ceramics, sintered for 5 h, was found to be σ = 1.1·10 −2 S/m. The value of ε at room temperature at 1 GHz frequency was found to be 9 and is caused by the polarization process due to migration of Li + ions, lattice vibrations, and electronic polarization.
